Inelastic Backaction due to Quantum Point Contact Charge Fluctuations 
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We study theoretically transitions of a double quantum-dot qubit caused by nonequilibrium charge 
fluctuations in a nearby quantum point contact (QPC) used as a detector. We show that these 
transitions are related to the fundamental Heisenberg backaction associated with the measurement, 
and use the uncertainty principle to derive a lower-bound on the transition rates. We also derive 
simple expressions for the transition rates for the usual model of a QPC as a mesoscopic conductor, 
with screening treated at the RPA level. Finally, numerical results are presented which demonstrate 
that the charge noise and shot noise backaction mechanisms can be distinguished in QPCs having 
nonadiabatic potentials. The enhanced sensitivity of the charge noise to the QPC potential is 
explained in terms of interference contributions similar to those which cause Friedel oscillations. 

PACS numbers: 73.23.-b 
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A fundamental consequence of the Heisenberg uncer- 
tainty principle is that the act of measurement necessarily 
perturbs the system being measured; these measurement- 
induced disturbances are termed "backaction" . Research 
on quantum electronic systems has progressed to the 
point where backaction effects, often near the limits im- 
posed by the uncertainty principle, are of key relevance 
to experiment [l[ . They are particularly important in ex- 
periments involving solid state qubits, as they set a limit 
on how well one can read out the qubits. In qubit-plus- 
detector systems, detector backaction can both dephase 
the qubit (i.e. T2 effects), as well as drive transitions 
between the qubit energy eigenstates (i.e. T\ effects, or 
"inelastic" backaction). The study of backaction is also 
of purely fundamental interest, as it can shed light on 
the physics of the detector, which is often an interesting 
nonequilibrium quantum system in its own right. 

In this paper, we focus on the inelastic backaction asso- 
ciated with quantum point contact (QPC) charge detec- 
tors 0. QPCs are among the most versatile and widely 
used charge detectors in quantum electronics; having a 
complete understanding of their backaction is therefore 
highly desirable. They are the standard readout for both 
charge and spin quantum-dot qubits 3, 4], and have also 
been used to make sensitive measurements of nanome- 
chanical oscillators |||. The backaction of QPC detec- 
tors has been the subject of considerable study. The- 
oretically, QPC-induced dephasing has been studied in 
Rcfs. [6 8], and measured experimentally in seminal ex- 
periments on mesoscopic interferometers @. Theory has 
also shown that the backaction dephasing induced by a 
QPC can reach the fundamental quantum limit set by 
the Heisenberg uncertainty principle I3~12|. Inelastic 
QPC backaction has also received attention. Aguado and 
Kouwenhoven [l3| discuss such effects in a system where 
a double quantum-dot is measured by a QPC. They focus 
exclusively on a mechanism whereby QPC current flucu- 
tations (shot noise) lead to potential fluctuations across 
the double dot, which in turn drives transitions in the 



qubit. Several recent experiments have attempted to in- 
vestigate this inelastic backaction mechanism [14l-ll7|. 



Here we focus on an alternate mechanism for inelastic 
QPC backaction which involves its nonequilibrium charge 
fluctuations, as opposed to its current fluctuations. Re- 
call that the physics behind these two kinds of noise is 
very different. Current fluctuations are related to the 
partitioning of electrons into transmitted and reflected 
streams by the QPC scattering potential; this results 
in a binomial distribution of the time-integrated current 
through the QPC [l8j. In contrast, charge noise results 
from fluctuations in how long electrons spend in the scat- 
tering region (i.e. dwell-time fluctuations) [l9j]. Impor- 
tantly, the current noise mechanism proposed in Ref. [Hi ] 
can in principle be completely suppressed by appropri- 
ate circuit design. In contrast, the inelastic backaction 
arising from QPC charge fluctuations is the fundamental 
Heisenberg backaction: for a fixed measurement strength, 
it cannot be made arbitrarily small. 

Using the uncertainty principle, we derive a rigorous 
lower bound on the charge noise inelastic backaction that 
exclusively involves directly measurable quantities. We 
also derive simple expressions for transition rates valid for 
the usual model of a QPC as a coherent mesoscopic con- 
ductor. Our results suggest that the charge noise mecha- 
nism may already play a significant role in experiments. 
Further, we show that charge fluctuations are more sen- 
sitive to the nature of the QPC potential than current 
noise: while the current noise is simply determined by 
the QPC transmission T, the charge noise also depends 
on the adiabaticity of the QPC potential. As a result, it 
should be experimentally possible to distinguish the cur- 
rent and charge noise backaction mechanisms by their 
dependence on T. We provide an explanation for this ef- 
fect in terms of interference contributions similar to those 
that give rise to Friedel oscillations. 

Note that other aspects of QPC charge noise backac- 
tion on qubits have been studied before. Buttiker and 
collaborators have studied inelastic backaction due to 
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FIG. 1: Electrostatic model of the coupled charge qubit-QPC 
system. Inset: Schematic showing the detuning S of the DQD. 



equilibrium charge fluctuations, as well as dcphasing due 



H HI- While the gen- 



to noncquilibrium charge noise 
cral form of the noncquilibrium charge noise has been de- 
rived fl9^ . its direct role in generating qubit transitions 
at weak coupling has not to our knowledge been previ- 
ously elucidated. Related work has examined Fermi-edge 
physics in a qubit-QPC system j2l|, as well as an indi- 
rect mechanism where QPC charge noise, in consort with 
spin-orbit coupling, yields transitions in spin qubits [22| . 

Model. While our results are general, we focus on 
the experimentally-relevant case of a double quantum- 
dot (DQD) charge qubit electrostatically coupled to a 
QPC charge detector (see Fig. [TJ. The qubit Hamilto- 
nian is Hdqd = \p z + t c a x , where S is the detuning and 
t c is the interdot tunneling amplitude. The eigenstates 
of er z correspond to an electron occupying either the left 
or right dot. We start by considering a completely gen- 
eral model of a spin-degenerate, single channel QPC with 
applied bias Vqp C . The QPC conductance is G = ^f-T, 
where T is the effective transmission. 

The QPC acts as a detector by virtue of the fact 
that the potential felt by QPC electrons depends on the 
qubit's charge state. The qubit-QPC interaction Hamil- 
tonian therefore necessarily includes a term of the form 
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Here, AU (r) is the change in the QPC scattering poten- 
tial brought about by changing the qubit charge state, 
and p is the electron density operator of the QPC. For 
convenience, we introduce the parameter AU represent- 
ing the average value of AU (r) in the scattering region of 
the QPC. For the electrostatic model in Fig. [TJ and in the 
limit of weak coupling C c << Co, we have AU = ^f^f- 
wherc Ec is the charging energy of the coupled right 
quantum-dot. Via -f/j nt , the QPC potential and hence 
the conductance both depend on the qubit state; the 
QPC current / therefore yields information regarding the 
qubit state. We assume throughout the realistic limit of 
weak coupling in which linear response theory applies. 
Thus the coupling fli nt changes the average QPC cur- 



where = -| f™dre lulT ( [I(t), Q(0)] ) is the finite- 
frequency gain of the detector. At ui = 0, the gain A[0] 
is simply related to AT, the change in the transmission 
of the QPC brought about by changing the qubit state: 
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Eq. ([2]) concisely expresses the fact that, via flint, the 
QPC acts as a charge detector. This interaction is the 
fundamental qubit-detector coupling: without it one can- 
not use the QPC to measure a z . Consequently, the back- 
action due to Hi n t is the Heisenberg backaction associated 
with the measurement. Fluctuations in Q both dephase 
the qubit and induce transitions between its eigenstates: 
it is the inelastic backaction that we wish to describe. As 
Q is a weighted average of the QPC charge density, we 
refer to it as the QPC "charge" in what follows. 

Before proceeding, note that one may also have a sec- 
ond qubit-QPC interaction of the form iJ; nt , 2 = ed- z U~2(t), 
where E/2M = and Zt is a transimpedance 

that converts QPC current fluctuations into qubit po- 
tential fluctuations. Ref. provides a comprehensive 
description of the qubit transitions induced by this cou- 
pling; Ref. [23| furthers this analysis by considering the 
effects of a spatially-dependent Zt- Note however that 
flint, 2 does not contribute to qubit detection: linear re- 
sponse tells us that flint, 2 cannot change (I) at low fre- 
quency. The backaction mechanism of Ref. [13( is there- 
fore not the Heisenberg backaction of the QPC. Moreover, 
the backaction due to flint, 2 can be made arbitrarily small 
by designing the QPC-DQD circuit to suppress Zt- The 
backaction due to fluctuations in / can therefore be elim- 
inated without affecting the sensitivity of the detector. 

Heisenberg bound. Fluctuations in Q can drive transi- 
tions between the qubit eigenstates; for weak coupling, 
the Golden Rule rates for excitation (Fq-)-) and relaxation 

(T Ql ) are given by r QtA [0] = (AU/h) 2 (j^f S QQ [^\, 
where Sqq[lj] = 2 J dte iult (Q(t)Q(Q)) is the quantum 
noise spectral density of Q and Ml = ^/ S 2 + 4tj? is 
the qubit level splitting. As this backaction is due to 
the coupling used to make the measurement, one can 
use the uncertainty principle to rigorously derive lower 
bounds on the transition rates without having to specify 
a QPC model or the coupling potential AU(f). Using 
the Heisenberg inequality which bounds the symmetric- 
in- frequency noise of a linear detector [2~il . |2o| , as well the 
relation between the asymmctric-in-frequency noise and 
dissipative response coefficients, we find 
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Here, R K = § and Sn[u] = §(S//M 
is the symmetrized QPC current noise. 
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J dt'\(t — t')(a z (t')) , impedance of the QPC as seen by the qubit is ifinM 
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-%/ Lf™ dTe iUT {[Q(r),Q(0)])\ As Z in is directly re- 
lated to the QPC charge-charge susceptibility, it can be 
measured by driving Rabi oscillations in the DQD and 
measuring the induced oscillations in the QPC charge 
Q us ing a second QPC, similar to the experiment of 
Ref. [26J ■ The magnitude and phase of the resulting os- 
cillations in Q provide a measure of Z ln [uj] . 

The bound in Eq. ([3]) is completely general, and does 
not rely on any assumptions regarding the QPC. Most 
importantly, all of the parameters on the right-hand side 
are intrinsic properties of the QPC and directly mea- 
surable. Note also that i?e{Z i ~ 1 } vanishes as w 2 when 
lu — > 0, reflecting the capacitive coupling between qubit 
and QPC. 

Backaction transition rates. We now specialize and 
treat the QPC as a coherent scattcrer, described by a 
scattering matrix s with both time-reversal and inver- 
sion symmetries. The effects of screening in the QPC 
are described using the method developed by Biittikcr 
and collaborators III 2(3, 21 \, which combines the circuit 
model in Fig. [T] with the random-phase approximation 
(RPA). Within this model, the spatial variations in the 
QPC charge and internal potential are taken into account 
by using a capacitive network to describe them [5^, [5^] . 

In the presence of screening, the total (screened) 
change in QPC potential AE/tot(r), resulting from a 
change in the qubit state, differs from the bare (i.e. un- 
screened) potential change AU(f) appearing in H- lnt . It 
is AZTtot(r), not AU(r), which determines the change 
in the QPC transmission AT. Screening also mod- 
ifies Sqq. Importantly, within the RPA, one finds 
that AT and Sqq are both determined by the same 
parametric change of the scattering matrix, given by 
As = J dfAUtot(r) [Ss/5U(r)\, where 5/5U(f) is a func- 
tional derivative with respect to the local QPC poten- 
tial Using this approach 0, we find that, even 
in the presence of screening, one can relate the qubit 
transition rates to AT without needing to know the 
precise form of AUtot(f)- In the low-temperature limit 



and for hfl < eV qpc , we find 
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Here we have taken s and As to be approximately energy- 
independent within the energy ranges of interest. 

Eqs. (|1]) and (O are the central results of this pa- 
per. They allow one to make a simple prediction for 
the charge noise-induced inelastic backaction using only 
experimentally-accessible QPC quantities. The excita- 
tion rate Tq^ has a particularly simple form that de- 
pends only on the QPC bias V qpc , transmission T and 
sensitivity AT. This is in stark contrast to the current 



noise backaction rates discussed in Ref. [13|, where one 
must also estimate the value of a transimpedance that is 
difficult to measure. Simple estimates using Eq. (UJ and 
typical experimental values (e.g. Ref. [l6|) suggest the ex- 
pected charge noise backaction is at least comparable in 
magnitude to the shot noise mechanism in recent experi- 
ments. We stress that screening only enters through the 
measurable quantities AT and Z\ n (see also Ref. [lOj)- 

Charge Noise Backaction Signature. Next we outline 
a way to distinguish the charge and current noise back- 
action mechanisms in experiment. Here we note that 
the shot noise mechanism of Ref. [r| yields a backac- 
tion excitation rate Tj^ ~ Sh ~ 7~(1 — T)- Thus an 
observed dependence of on the QPC transmisison of 
the form T(I — T) (and hence a maximum at T = 1/2) 
is often re gard ed as a signature of the shot noise mech- 



anism [14|, |17j. From Eq. Q, we find that in general, 
Tq-\ will not have the same dependence on T: the only 
case where it does is when j- ^T-j-) ' 1S a constant that 
does not change as T and AT are simultaneously varied 
by changing gate voltages. As noted in previous work 
ToL lH , this condition is satisfied if and only if the QPC 
potential is adiabatic [3l| and so is the qubit-QPC cou- 
pling (i.e. the variation of AU (r) is smooth compared 
to the Fermi wavelength Xp). If these conditions are vi- 
olated, TQ-f-(T) will not have its maximum at T = 1/2. 
This provides a way to distinguish the charge and current 
noise backaction mechanisms. 

To test this assertion, we have numerically studied the 
charge noise associated with a model 2D QPC saddle 
point potential using a recursive Green function approach 
extended to include the calculation of local properties 
[32I ]. We consider the potential 



U{x,y) = We~ 4x2/y 
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where W is the quantity modified by the coupling to the 
DQD. The gating effect of the qubit is therefore modeled 
as a shift U(x,y)+AU(x,y) = {l + AU/(a 2 W))U(x,y), 
where a is the lattice spacing. Note that our goal is not 
to advocate a particular coupling model, but rather to 
study the dependence of the charge noise on the QPC 
adiabaticity. In Eq. (j6]), the adiabaticity of both the 
potential and the coupling is set by the barrier width w. 

Fig. [5] shows Tq^ as a function of transmission. In 
the limit of an adiabatic potential and coupling (i.e. 
w 3> Xf), TQf is to a good approximation propor- 
tional to T (1 — T), and therefore to Sji. In contrast, 
in the nonadiabatic case w ~ Xp, the 7~-dcpcndence of 
TQf is markedly different: it is strongly skewed towards 
T > 1/2. Observation of this asymmetry offers a way to 
distinguish the charge noise and current noise backaction. 

Role of Friedel oscillations. The increased charge noise 
backaction for T > 1/2 is due to interference contribu- 
tions that are the nonequilibrium analogue of Friedel os- 
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FIG. 2: Numerical results for the zero- frequency qubit exci- 
tation rate Tq^ as a function of QPC transmission T. We 
use a lattice spacing a — 6.2nm, giving a hopping energy 
t = h 2 /(2m*a 2 ) = 14.5meV, where m* = 0.068 m e in GaAs. 
For Ef — 16meV, the Fermi wavelength is Af — 6a. The 
dashed (red) line is for an adiabatic barrier with w — IOAf, 
while the solid (blue) line is for a nonadiabatic barrier with 
w = Af; each curve is scaled by its maximum value. In the 
nonadiabatic case, Tq^ is asymmetric and has its maximum 
at T > 1/2. Inset: the corresponding transmission curves as 
a function of W. 



cillations [33[. In ID, the continuity equation 
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relates the charge operator Q to a weighted average of the 
current flowing into the scattering region of the QPC. 
This is distinct from and independent of the transport 
current (flowing through the QPC) used to define the 
QPC conductance and shot noise Sn. The current oper- 
ator / of a coherent conductor contains spatially varying 
terms that oscillate with a wavelength Xp/2. These terms 
give rise to Fricdel oscillations in the density-density cor- 
relation function, but do not contribute to, e.g;, the aver- 



age conductance or low- frequency shot noise [34[ . In con- 
trast, we find that they can enhance the nonequilibrium 
charge noise. Their contributions to Sqq[lo] via Eq. ([7]) 
correspond to interferences between incoming and trans- 
mitted waves, and thus scale as T. If AU(r) varies slowly 
on the scale of A^, then the spatial averaging described 
by Eq. ([7]) strongly suppresses these terms. In the oppo- 
site limit, no such averaging occurs; the terms thus en- 
hance the charge noise at higher values of T. Note that 
the same interferences yield the surprising result that the 
total charge in a perfect (i.e. T = 1), zero temperature 
ID wire of length L fluctuates; at u> = 0, the spectral 
density is Sqq[0] = (e^VTi/Ai:) [sm(k F L)/E F ] 2 , where 
V <C Ep je is the bias and Ep is the Fermi energy. 

Conclusion. The fundamental Heisenberg backaction 
of QPC qubit detectors is due to nonequilibrium charge 
fluctuations. We have shown that the corresponding in- 
elastic transition rates in the qubit can be expressed ex- 
clusively in terms of quantities that are directly measur- 



able in experiment. We have also shown that, unlike 
the current noise backaction, the charge noise backaction 
need not be maximal at QPC transmission T = 1/2. 
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